It is generally accepted that the action of baroclinic waves in midlatitude is responsible for raising the static stability of the troposphere above moist neutrality. Previous efforts to quantify this process have concentrated on the stability criteria for normal-mode baroclinic instability. The suggestion presented here is based on the observation that moist convection also plays a significant role in the latter stages of baroclinic disturbances. It is suggested that the minimum stability in midlatitudes is moist neutral, and further that the mean tropopause potential temperature can be estimated as the minimum, that is, moist neutral, plus half the variance. The variance is created by quasi-adiabatic meridional advection of the meridional gradient, so that the final prediction is that the change in saturated equivalent potential temperature between the surface and tropopause should be proportional to the meridional temperature change across the storm tracks. This is found to be in reasonable agreement with the Northern Hemisphere annual cycle in a 16-year climatology. The annual cycle in the Southern Hemisphere, on the other hand, does not fall into the same pattern.
Introduction
The turbulence and heat transport generated by baroclinic waves are prominent features of the midlatitude circulation. The presence and importance of these waves is due to the meridional gradient in solar irradiation, but there are still some open questions concerning the nature of the physical feedbacks that control their climatological mean amplitude. One aspect of the problem is the determination of the static stability of the troposphere. The tropical troposphere is close to moist neutrality, but the extratropics are characterized by relatively high moist stability. This is no doubt related to the vertical heat transport in baroclinic waves (Held 1982; Gutowski et al. 1992; Egger 1995) . Held (1982, hereafter H82) provided a convenient framework for discussing the mechanisms affecting the midlatitude stability. In this framework it is assumed that the lapse rate within the troposphere has a constant value; the problem is to determine how this constant value depends on external parameters such as the meridional gradient in solar heating. The question as to why the lapse rate is nearly independent of height is set aside. It is further assumed that the stratosphere is in radiative equilibrium. With these assumptions, and an appropriate radiation model to determine the strato-spheric temperature profile, the structure in the troposphere is determined by just two constants. H82 showed that consideration of the radiative fluxes at the tropopause leads to a constraint on these two constants. Essentially, the longwave radiation emanating from the troposphere must be the same as that that would emanate from a downward extension of the radiative equilibrium profile. This means that enhanced emission from the upper troposphere, where temperatures are above the radiative equilibrium, must be balanced by reduced emission from the lower troposphere, where the temperatures have been cooled below the radiative equilibrium value. H82 quantified this constraint with the help of a simple two-stream model of radiative heating. Thuburn and Craig (1997) tested the constraint derived from these considerations. They found, when the simple radiative model used by Held is modified to account for the effect of water vapor on the optical depth in the lower troposphere, good agreement with results from numerical experiments carried out with a general circulation model (GCM).
Given this radiative constraint relating the two variables that determine the structure of the troposphere in the framework of H82, we are left with one undetermined degree of freedom. Held suggested that this degree of freedom should be controlled by the properties of baroclinic waves. More precisely, it is suggested that the eddies grow within an environment with prescribed meridional temperature gradients and that they create vertical shear that locally reduces the Charney growth rate to zero by eliminating meridional potential vorticity gradients in the troposphere. It is not suggested that the zonal mean flow be globally stable, since the radiative forcing toward instability is too strong for such a neutral state to be achieved. Held points out that the local neutralization does in fact imply enhanced instability on either side of the saturated wave. Thuburn and Craig found that the proposed dynamical constraint (derived for a dry atmosphere) was not well satisfied in their GCM experiments (with moisture). The effect of moisture on baroclinic eddies is unclear; the background behind various approaches will be discussed below.
The degree to which the meridional gradients of potential vorticity have been eroded by baroclinic waves is discussed in Stone and Nemet (1996) . They find that this gradient is near zero between 400 and 800 mb in the northern midlatitude winter. This is consistent with the idea that baroclinic adjustment is determining the structure in this region.
There is a phenomenological reason to question the dynamical constraint proposed by Held. Numerical experiments appear to indicate that stabilization of the growth of individual disturbances actually takes place through the effects of barotropic shear (James and Gray 1986) induced by the nonlinear development of the disturbance (Hoskins et al. 1985; Thorncroft et al. 1993 ). This allows stabilization to take place with changes in vertical shear considerably less than those proposed by Held. Returning to the evaluation carried out by Thuburn and Craig. As noted above, they were using a model including moisture, whereas the hypothesis put forward in H82 made no mention of moist processes. Case studies have shown how convection tends to erode the potential vorticity structure of cyclonic vortices formed by baroclinic waves (Wirth 1995; A. Tafferner 1996, personal communication) . This paper investigates the hypothesis that this process, in that it tells us something about the static stability structure of the midlatitudes, is a controlling aspect of the circulation. Baroclinic waves generate variations in static stability, with cyclones having reduced and anticyclones enhanced values. If the wave amplitude is increased for a given mean static stability, the increased variation would, other things being equal, lead to a reduced minimum static stability. Since the minimum is at present zero, it appears that the other things would not be able to remain equal and an adjustment to a new state of affairs with a minimum near zero would follow. Similarly, if the wave amplitude is decreased, there would be a reduction in the variability of static stability, which would imply a minimum greater than zero. This would imply substantially less latent heat release and hence a large reduction in upper-tropospheric heating rates, which would tend to reduce the mean stability.
The global distribution of dynamical heating
The dataset used here to test the hypothesis introduced below consists of monthly and zonally averaged fields from the National Meteorological Center (NMC) (now the National Centers for Environmental Prediction) analyses over a 16-year period. These fields are presented in Randel (1987) . This section looks at the overall structure of the climatology with special emphasis on the meridional circulation in the troposphere.
Baroclinic eddies generate a poleward eddy flux with a maximum in ЈTЈ cos ( is the meridional velocity, T the temperature, the overbar denotes a zonal mean, the prime a departure therefrom, and is latitude) near 40Њ in the winter hemisphere (e.g., Hartmann 1994) . Figure 1a shows this quantity averaged over 16 years of December-January-February data. The fluxes shown imply a cooling effect equatorward of 40Њ and warming poleward of this latitude. The net effect is to reduce the temperature gradient between 20Њ and 70Њ and to enhance it on either side of this band. Figure 1b shows the corresponding momentum fluxes, uЈЈ. These fluxes are transferring momentum into the jet and thus maintaining the latter against surface friction. The coupling between the eddy momentum fluxes in the upper troposphere and the surface friction is provided by a mean meridional circulation. The vertical component of this circulation also contributes to the dynamical heating, thus
where variables are defined in the appendix. In the energy budget of Oort and Peixóto (1983) and Peióto and Oort (1992) , the dynamical heating, which is here represented as mean descent, appears as the mean meridional advection of the dry static energy. That is,
The first equality follows from conservation of mass and the second from integration by parts using w ϭ 0 at z ϭ 0 and 0 ϭ 0 at z ϭ ϱ. Oort and Peixóto show that the meridional advection of dry static energy dominates the atmospheric heat transport between the Tropics and subtropics. This means that the first term in the right-hand side of (1) dominates in the subtropics and the second term dominates in midlatitudes. The first term is related to the horizontal eddy momentum fluxes through the zonal mean zonal momentum equation,
af cos ‫ץ‬ and conservation of mass,
Thus, in the subtropics the dynamical heating is related VOLUME 57 to the barotropic component of the wave, which dominates the eddy momentum fluxes, and in midlatitudes it is related to the baroclinic component, which dominates the eddy heat fluxes.
The meridional heat transfers associated with baroclinic waves can thus be split into two zones. Where f is weak the transfer is dominated by a mean overturning motion driven by the horizontal eddy momentum fluxes. Where f is stronger the heat transfer is dominated by the eddies themselves. This paper addresses the structure in the latter zone.
The annual cycle of vertical and horizontal temperature stratification
Since the baroclinic waves are, in the first instance, a response to meridional temperature gradients, it is pertinent to look at the relationship between the fluxes generated by those waves and the said gradients. A theoretical prediction was made Green (1970) according to which the heat flux should be proportional to the square of the meridional temperature gradient. It is interesting to note that in making this prediction it was assumed that the static stability was constant. With this assumption the growth rate of baroclinic waves is proportional to the meridional temperature gradient. If it is further assumed that the scale of the waves is constant at the Rossby radius, then the amplitude of the temperature anomalies is simply proportional to the mean meridional gradient. Some support for this is given in Juckes (1994) , where meridional displacements of tropopause potential temperature contours in the southern winter are found to be of similar amplitude to those of the northern summer. Green's argument gives a meridional temperature flux scaling as described above, namely, Following Green (1970) , a comparison of the vertically integrated meridional heat flux with the temperature gradient. The ⌬ y T is defined as the difference between T at 70Њ and 20ЊN, at 500 mb. The stars correspond to DJF, circles to MAM, crosses to JJA, and plus symbols to SON.
NT where ⌬ y denotes a difference between 70Њ and 20ЊN, N is the Brunt-Väisälä frequency, and g the acceleration due to gravity. The parameter ⑀ is a dimensionless constant that indicates the efficiency of the baroclinic waves. To obtain agreement with the observations, Green found that ⑀ ഠ 1/64 was required. He argues that this is consistent with eddies up to one-quarter of the maximum amplitude determining the flux.
A similar relation was derived by Stone (1972a,b) , differing from that of Green by a factor 2N 2 H 2 / (3⑀f 2 ), where L planet ϭ 10 4 km is the equator to pole 2 L planet distance. The rationale for using L planet has been questioned [Simmons (1974) ; see Juckes (2000) for discussion and further references], but it is fair to say that determining the relevant meridional length scale and how it may or may not vary with season is an unresolved problem. Stone and Miller (1980) look at a range of empirical relations between meridional temperature gradients and the meridional heat fluxes. They used monthly data averaged over the period 1958-63. They found strong correlations but noted that it is difficult to make absolute statements about the significance of these correlations because the degree of independence between different months, and hence the number of degrees of freedom in the system, is unclear. The data could not distinguish between a linear fit with empirical slope and offset on the one hand and a power law fit with empirical coefficient and exponent on the other. Figure 2 shows the meridional heat fluxes and temperature gradient in the format suggested by Green (1970) (details in figure caption). As far as the seasonal variation is concerned, the points lie roughly along the diagonal in accordance with the arguments presented by Green. The individual months form clusters because the interannual variability (especially in spring and autumn) is much weaker than the annual cycle. It is apparent from the figure that this interannual variability does not show any correlation between meridional temperature gradient and the heat fluxes. This remains true when seasonal instead of monthly means are plotted (not shown). In the seasonal cycle the hysteresis noted by Stone and Miller (1980) is also clear, with the heat fluxes for a given temperature gradient being larger in September-November than in March-May.
Green's work did not address the issue of the determination of the static stability, which appears to be secondary in the sense that it varies considerably less than the meridional temperature gradient. It is nevertheless important to know why it has the observed value. As noted above, this issue was addressed by H82, and the ideas raised therein were tested by Thuburn and Craig (1997) using GCM results. Thuburn and Craig varied many parameters to obtain a range of atmospheric states. Here, the variation necessary to test the hypothesis is provided by the annual cycle within the NMC data. Here f and ␤ are the Coriolis parameter and its meridional gradient, and H is a height scale (taken to be the height of the tropopause in the calculations presented below). Here, as with the GCM results, there is clearly a problem. The general pattern of the points is similar to that found in Thuburn and Craig, although the spread of values is somewhat smaller.
There is a slight tendency to lower stability at lower meridional temperature gradients, but much less than predicted. One possibility would be to modify the argument of H82 to account for the effects of latent heat, that is, to determine criteria for the stability with respect to linear baroclinic waves in a moist environment.
The role of moisture in baroclinic waves is complex. One line of work supports the idea that most midlatitude cyclones are quasi-dry, in the sense that their growth rates and life cycles are controlled by processes that are essentially independent of the water vapor cycle, and in which the rainfall, though significant for the perception of weather, plays a secondary role. In life cycle experiments with climatological values of relative humidity, Gutowski et al. (1992) show that latent heat release does provide a positive contribution to the energy of the wave, but it is not large. The contribution has almost the same amplitude as the dissipation by surface friction, so that, as far as the globally integrated Held (1982) [ z ഠ Ϫ f y /(␤H tp ), where H tp is the height of the tropopause] against the actual value.
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energetics are concerned, the two offset each other. Thorncroft et al. (1993) were able to capture the essential structure of typical storms in a dry model. Following this background, Thuburn and Craig (1997) used dry values of stability to evaluate the hypothesis of H82. On the other hand, there are studies showing that moisture can, in some cases, lead to a very strong enhancement of growth. This is particularly so in explosive cyclogenesis (e.g., Mak 1994) or small-scale cyclogenesis in polar air (Fantini and Buzzi 1997; Craig and Cho 1992a,b) . Given the range of opinions it is not possible to decide a priori whether it is the quasi-dry cyclones or the moist variety that determines the static stability. Figure 4 compares the predictions of H82 using the moist stability against observations. There is now reasonable agreement.
Modified moist convective adjustment
The discussion and data analysis above are somewhat ambiguous in regard to the dynamical constraint proposed by H82. Here an alternative is proposed in the hope that the contrast it provides will clarify the discussion. It was suggested above that the occurrence of near-neutral moist stability in cyclones of typical amplitude may have some controlling influence on the atmosphere.
It is supposed that the tropospheric stability is basically determined by convective adjustment, as assumed by H82 for the Tropics. In midlatitudes, however, this adjustment must be modified by baroclinic waves. The following three assumptions give a possible means of quantifying that modification: 1) Moist neutrality as a lower bound. It is assumed that the minimum value of the difference, ⌬ z eq , between the tropopause potential temperature and the equivalent potential temperature eq of the lower boundary, at a given latitude, is close to zero. This is an unremarkable statement, but it is also supposed that this lower bound occurs on a sufficient scale to exert a controlling influence on the mean atmospheric state. The equivalent temperature is defined in terms of the temperature T as follows:
The notation is listed in the appendix. The water vapor partial pressure e w is evaluated by assuming a relative humidity value of h ϭ 85% or 100% and using the Magnus formula (see appendix) for the saturation vapor pressure E(T). The equivalent potential temperature is essentially the potential temperature obtained by converting the latent energy of the water vapor into thermal energy of dry air, but there has been a shift from a traditional definition based on conversions at fixed temperature to one J U C K E S FIG. 4. As for Fig. 3 , but using the equivalent potential temperature (a) with relative humidity h ϭ 1 and (b) h ϭ 0.75.
FIG. 5.
A schematic representation of the relationship between the static stability of the troposphere and the tropopause structure (heavy wavy line). The hypothesis is that the minimum in stability is approximately moist neutral and that the mean stability can be estimated as this minimum plus half the variance. based on adiabatic conversions. Both are equivalent to the formula above if | eq Ϫ | K and the heat capacity of the water vapor is neglegible in comparison with its latent heat. 2) Variance due to synoptic waves. It is further assumed that the mean value of ⌬ z eq can be estimated as the minimum (according to assumption 1 this is zero) plus half the variance. That is, it is assumed that the distribution of ⌬ z eq is well characterized by its variance and does not have a complex structure that would make it necessary to consider higher moments of the distribution. 3) Creation of variance by meridional advection. Finally, it is assumed that the variance which enters into assumption 2 is generated by adiabatic meridional advection. This advection converts meridional temperature contrasts into anomalies around a latitude circle, so that the variance of ⌬ z eq is proportional to the meridional change ⌬ y T in zonal mean temperature across the storm tracks.
The hypothesis is summarized diagrammatically in Fig. 5 . The coincidence of an anomalously low tropopause and regions of convection is well known; the novelty lies in the suggestion that this is a controlling feature of the system. Taken together, these three assumptions give
The constant of proportionality will depend on the efficiency with which the meridional temperature contrast is converted into variance around a latitude circle. The difference between potential temperature gradients along the tropopause and those at fixed pressure will also affect this constant. Figure 6 evaluates the resulting theory, using ⌬ z eq at 50ЊN and the temperature difference between 20Њ and 70ЊN at 500 mb as before. The relative humidity h is taken as (Fig. 6a) 100% and (Fig. 6b) 75% . The results now lie on a straight line aligned with the origin.
The agreement is comparable with that obtained from the moist version of the H82 constraint shown in Fig.  4 . The predictions of Held and of that given here differ by a factor
where L is the width of the storm track. For the dataset under discussion this factor remains close to unity.
Southern Hemisphere
In the Southern Hemisphere the annual cycle there is somewhat weaker, but still present. The variation in static stability is, however, much less than would be expected, with a slight increase in summer. One possibility is that the strong annual cycle in lower stratospheric temperatures is having an influence. This would con-VOLUME 57 tradict both the arguments of H82 and those put forward here, in that both assume tropospheric dynamics to be dominant. Alternatively, it may be that the data are unreliable.
On the other hand, G. Zängl (1998, personal communication) has used a column radiation model to show that summer temperature profiles from station data in the Southern Hemisphere may require less dynamical heating, even though they are further from moist neutrality. He suggests that this is due to the high thermal inertia of the oceans, which leads to very weak surface heating during the summer months.
Conclusions
For the Northern Hemisphere the NMC data give a clear indication that there is a link between the moist static stability and the meridional temperature gradient in midlatitudes. The baroclinic waves tend to stabilize the atmosphere on average by transporting heat upward, and this has been used by Held to formulate a possible relationship between the static stability and baroclinic processes. An alternative here is based on the fact that the baroclinic waves also lead to a local destabilization of the atmosphere. It is suggested that the mean static stability is determined by the degree of this local destabilization.
The new hypothesis depends on two important modifications to the assumptions of H82. First, the relevant stage of the cyclone is not the growth stage but the mature cyclone. Second, the hypothesis is nonlocal in nature, applying to the storm track as a whole rather than locally at each latitude. The dataset used here is not able to distinguish between the two hypotheses but does confirm the importance of the moist stability.
Not only the temperature structure but also the humidity structure plays a role here. A third constraint, beyond the dynamical and radiative constraints proposed by Held, is therefore necessary. In view of the fact that the annual cycle of relative humidity is substantially weaker than that of the moist stability, this humidity constraint may be considered to be of less importance than the dynamical constraint. For that reason it has not been dealt with here and constant values of 75% and 100% have been used. 
